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Previous experiments from our lab have suggested that the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) is
required for sperm-induced egg activation in Xenopus laevis. Here we measure the endogenous production of both
Ins(1,4,5)P3 and PIP2 during the sperm-induced and ionomycin-induced calcium wave in the egg and ®nd that both increase
following fertilization. Ins(1,4,5)P3 increases 3.2-fold from an unfertilized egg level of 0.13 pmole per egg (0.29 mM) to a
peak of 0.42 pmole per egg (0.93 mM) as the calcium wave reaches the antipode in the fertilized egg. This continuous
production of Ins(1,4,5)P3 during the time that the Ca2/ wave is propagating across the egg suggests the involvement of
Ins(1,4,5)P3 in wave propagation. This increase in Ins(1,4,5)P3 is smaller in ionomycin-activated eggs than in sperm-activated
eggs, suggesting that the sperm-induced production of Ins(1,4,5)P3 involves a PIP2 hydrolysis pathway that is not simply
raising intracellular Ca2/. While one might expect PIP2 levels to fall as a result of hydrolysis, we ®nd that PIP2 actually
increases 2-fold. The total lipid fraction in unfertilized egg exhibits 0.8 pmole PIP2 per egg and this increases to 1.5 pmole
as the calcium wave reaches the antipode. The PIP2 concentration peaks 2 min after the completion of the calcium wave
at 1.8 pmole per egg. The amount of PIP2 in the animal and vegetal hemispheres of the egg was also measured by cutting
frozen eggs in half. The vegetal hemisphere contained twice the amount of PIP2 as the animal hemisphere but it also
contained twice the amount of lipid. Thus, there was an equivalent amount of PIP2 normalized to lipid in each hemisphere.
Isolated animal and vegetal hemisphere cortices exhibit similar PIP2 concentrations, suggesting that the 2-fold higher total
PIP2 in the vegetal half is not due to a gradient of PIP2 in the plasma membrane, but rather implies that cytoplasmic
organelle membranes also contain PIP2. q 1996 Academic Press, Inc.
INTRODUCTION intracellular pH, and the resumption of meiosis. In the frog,
Xenopus laevis, the wave of increased [Ca2/]i that traverses
the egg is followed by a wave of cortical contraction that isEggs universally exhibit a transient increase in cyto-
readily observable using a light microscope (Hara et al.,plasmic free calcium concentration ([Ca2/]i) upon fertiliza- 1977; Hara and Tydeman, 1979; Kline and Nuccitelli, 1985).tion and this signal appears to be critical for the initiation
We are interested in determining the mechanism used byof development (Whitaker and Steinhardt, 1985; Jaffe, 1990;
the frog egg to both initiate and propagate this increase inNuccitelli, 1991). Intracellular calcium rises ®rst at the site
[Ca2/]i . The two most popular hypotheses for the mecha-of sperm entry and a tide of elevated calcium travels through
nism of this calcium release are Ca2/-induced Ca2/ releasethe cytoplasm from that point, inducing cortical granule
(CICR) and inositol-induced Ca2/ release (IICR) (Berridge,exocytosis, fertilization envelope elevation, an increase in
1993). For CICR, Lionel Jaffe has proposed that the wave
could be generated by an initial input of calcium (from the
sperm), which is pumped into the endoplasmic reticulum1 Present address: Children's Hospital and Medical Center (Box
(ER) until it overloads and releases its contents as a regener-CH-18), 4800 Sand Point Way N.E., Seattle, WA 98105.
ative wave (Jaffe, 1990). A calcium wave might also be gen-2 Present address: Cellular Biochemistry and Biophysics Program,
erated by an increase in the cytosolic concentration of inosi-Memorial Sloan±Kettering Cancer Center, 1275 York Ave., Box
564, New York, NY 10021. tol 1,4,5-trisphosphate [Ins(1,4,5)P3] which binds to the
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Ins(1,4,5)P3 receptor on the ER and releases stored calcium was equal to the total PIP2 in the sample as determined by
processing known PIP2 standards in each run.into the cytoplasm (Han et al., 1992; Miyazaki et al., 1993).
For this IICR pathway, sperm±egg contact is hypothesized
to stimulate the hydrolysis of phosphatidylinositol 4,5-bis-
phosphate (PIP2) via the activation of phospholipase C, pro- MATERIALS AND METHODS
ducing the degradation products Ins(1,4,5)P3 and diacylglyc-
erol (Berridge, 1993). Diacylglycerol (DAG) activates protein Obtaining Gametes
kinase C which is involved in alkalinization of internal pH
Ovulation was induced in Xenopus laevis females by subcutane-in the sea urchin egg (Swann and Whitaker, 1985; Shen and
ous injection of 400±800 IU of human chorionic gonadotropin intoBuck, 1990) and can stimulate cortical granule exocytosis
the dorsal lymph sac. Eggs were obtained by gentle squeezing ofin the frog egg (Bement and Capco, 1989). Stith et al. (1993)
the females 10 to 16 hr after injection. Testes were dissected frommeasured Ins(1,4,5)P3 after fertilization in the frog egg using male X. laevis which had undergone cold anesthesia by being placeda competitive binding assay that allows the detection of
in ice water for 1 hr prior to decapitation and pithing. Testes were
the isomer of interest without the need to radiolabel IP3 stored in OR2 (82.50 mM NaCl, 2.50 mM KCl, 2.50 mM NaHCO3,
precursors. Many eggs were inseminated together and at 1.00 mM CaCl2, 5.00 mM Hepes, 1.00 mM MgCl2) at 47C for up to
various time points after sperm addition aliquots of eggs 2 weeks.
were removed and analyzed for Ins(1,4,5)P3 content. Because Immature oocytes were obtained by surgical removal from X.
laevis females which had never received an injection of humanthe eggs were fertilized with their jelly coats intact, there
chorionic gonadotropin. Sections of ovary were removed from fe-was a signi®cant Ins(1,4,5)P3 contribution from the thou-
males which had undergone cold anesthesia by being placed in icesands of sperm present in the jelly, thus requiring the sub-
water for 1 hr prior to surgery. Ovary lobes which had been removedtraction of 36% of the Ins(1,4,5)P3 detected as a sperm cor-
were placed in a petri dish ®lled with OR2 and were broken intorection factor. Ins(1,4,5)P3 levels increased ®vefold over small bundles containing approximately 30 oocytes by graspingthose measured in the unfertilized egg by 45 sec postinsemi-
follicle layer stalks with forceps at two positions on the lobe and
nation and that higher level was maintained at 5 min postin- pulling them apart. The small bundles of oocytes were then placed
semination. We have repeated those experiments measuring in plastic test tubes ®lled with 2 mg/ml type IA collagenase in low
Ins(1,4,5)P3 in dejellied eggs using the same competitive Ca2/ OR2 (82.50 mM NaCl, 2.50 mM KCl, 2.50 mM NaHCO3, 5.00
binding assay with a re®nement in the method of egg collec- mM Hepes, 2.00 mM MgCl2, pH 7.4) and rocked for 20 min on a
rotary platform at room temperature. The oocytes were rinsed sixtion that provided improved time resolution and eliminated
times with OR2 and stage VI oocytes were selected, individuallythe jelly coat and the sperm embedded within it.
defolliculated with forceps, and frozen in liquid nitrogen for analy-The role of the PIP2 pathway during egg activation has
sis of Ins(1,4,5)P3 content.been investigated by measuring the incorporation of radiola-
beled precursors of PIP2, Ins(1,4,5)P3 or DAG, after fertiliza-
tion. Evidence for the involvement of the PIP2 pathway dur- Fertilization of Dejellied Eggsing egg activation ®rst came from the measurement of PIP2
in unfertilized and fertilized sea urchin eggs where the Egg jelly coats were removed by agitation in a 2% solution of L-
cysteine, pH 7.8, for 7 to 8 min on a rotary platform at 100 rpm.amount of PIP2 in the fertilized egg 1 min after insemination
Eggs were washed eight times with F1 media (41.25 mM NaCl,was found to be 52% higher than in the unfertilized egg
1.75 mM KCl, 0.50 mM Na2HPO4, 1.90 mM NaOH, 2.50 mM(Turner et al., 1984). However, PIP2 levels have also been
Hepes, 0.25 mM CaCl2, 0.06 mM MgCl2) removing the cysteinereported to decrease after activation in the sea urchin (Whi-
solution.taker and Aitchison, 1985) and the frog (Le Peuch et al.,
Eggs were transferred in groups of eight to an F1±agar well with1985). Ins(1,4,5)P3 levels have generally been found to in- small indentations in the agar that allowed each egg to be positioned
crease upon fertilization using these techniques but the vegetal hemisphere down inside the indentation with the animal
magnitude of the reported increase has varied considerably hemisphere above the indentation. Eggs were observed for a few min-
(Kamel et al., 1985; Ciapa and Whitaker, 1986). The data utes after transfer to the agar well and any eggs that spontaneously
amassed using the technique of radiolabel incorporation activated due to handling were removed. Approximately one-eighth
of a testis was macerated in 100 ml of jelly water. The jelly waterhave been contradictory and we presume that this can be
contains soluble egg jelly components which the sperm must contactattributed to two shortcomings in the methods used: the
to become competent to fertilize eggs. Approximately 30 ml of thefailure to label precursors to steady state and the measure-
macerated sperm suspension is added directly above the group of eightment of inactive isomers of the inositol phosphates.
eggs incubating in F1 medium in an agar well.We report the ®rst measurement of PIP2 in the unfertil- Egg jelly water was obtained by swirling eggs on a rotary platformized and fertilized egg using a technique that does not re-
at 100 rpm for 45 min at room temperature in a modi®ed Ringer's
quire the labeling of cellular PIP2. The lipid fraction con- solution containing 33.3 mM NaCl, 0.6 mM KCl, 0.33 mM MgCl2,
taining PIP2 was extracted from eggs and biochemical deac- 0.66 mM CaCl2, 1.67 mM Na±Hepes, pH 7.8. A minimum of 3 g of
ylation and removal of the glycerol moiety of PIP2 produced eggs is needed to make jelly water and for every 3 g of eggs 8 ml of
Ins(1,4,5)P3. The amount of Ins(1,4,5)P3 released from PIP2 modi®ed Ringer's solution was added. After 45 min of agitation the
eggs were poured onto a 1-mm nylon mesh (Small Parts Inc., Miami,was then measured using the competitive binding assay and
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FL). The eggs were spread out on the mesh allowing the ¯uid con- mixture was added to an agar dish ®lled with 4±5 ml of F1. Ten
eggs were added to the dish and, at 1- and 2-min time points, re-taining egg jelly components to drain through the mesh and into a
petri dish set below the mesh to collect the ¯uid. Ficoll (400,000 MW) moved and frozen. The ®nal concentration of ionomycin was be-
tween 1.8 and 2.2 mM.was added to the jelly water to a ®nal concentration of 10% (w/v).
The jelly water was stored at 0207C in 500-ml aliquots.
Collection of Half Eggs
Collection of Fertilized Eggs
An unfertilized, dejellied egg was frozen on an aluminum dish
using the technique described to minimize the amount of ¯uidAfter insemination eggs were observed carefully under a stereo-
frozen with the egg. The frozen egg was held steady with forcepsscope for morphological changes in the egg indicating that fertiliza-
and cut in half with a pair of dissection scissors (Fine Science Tools,tion had occurred. These changes include the cortical contraction
Inc., Foster City, CA), manufactured by Miltex Model 18-1524)wave and elevation of the fertilization envelope. Eggs generally
with cutting blades at a 1307 angle with respect to the handle. Onlyexhibited these ®rst signs of fertilization 4 to 7 min after insemina-
one-half of each egg was used because the cutting procedure tendedtion. Egg stages were determined in relation to the position of the
to result in one hemisphere suitable for use while the other hemi-cortical contraction wave or the time elapsed since the completion
sphere was smashed or broken and was generally discarded. Theof the wave. Eggs were collected and rapidly frozen at well-de®ned
egg was cut along the equator or the animal±vegetal axis dependingtimes with respect to the contraction wave: (1) When the cortical
on the orientation of the frozen egg to produce an animal, vegetal,contraction wave had traversed half the egg (half wave); (2) When
or vertical hemisphere. The egg hemisphere was moved from theit had reached the antipode (full wave); (3) 1 min after full wave (1
aluminum dish with forceps to a microcentrifuge tube which wasmin postwave), and (4) 2 min after full wave (2 min postwave). The
immersed in liquid nitrogen before and after the addition of a newcortical contraction wave traveled from the point of origin to the
hemisphere. The microcentrifuge tube was stored within a dry iceantipode in approximately 4 to 6 min. Several seconds before the
powder during the collection procedure until the desired numberegg reached the desired stage, it was removed from the agar well
of eggs had been obtained and then stored at 0207C. When cuttingand rinsed twice by transfer in and out of petri dishes ®lled with
and storing the egg halves, the dissection scissors and forceps wereF1 medium to remove excess sperm. The egg was then frozen by
kept cold by dipping them into liquid nitrogen before each use.either dropping into liquid nitrogen or placement on an aluminum
The aluminum dish was wiped clean with ethanol on a Kimwipefoil cup resting on a block of dry ice. These techniques froze the
after each egg was cut to avoid contamination of the next egg hemi-entire egg rapidly. To minimize the amount of F1 medium frozen
sphere with components of the previous one and to reduce thewith the egg, the egg and a large quantity of F1 medium were drawn
amount of ice forming on the dish.up into a transfer pipet and held vertically, allowing the egg to
settle to the opening of the pipet. The egg was then gently squeezed
out of the opening of the pipet while being brought into contact
with the aluminum dish. Once the egg had been placed on the Isolation of Cortices from Animal and Vegetal
aluminum dish the pipet was rapidly withdrawn to reduce the Hemispheres
amount of F1 medium freezing on the egg. Frozen eggs were trans-
To isolate egg plasma membranes from both the animal andferred from the aluminum dish to a microcentrifuge tube with
vegetal pole, there have been several methods attempted for vari-forceps that had been dipped in liquid nitrogen to keep the eggs
ous stages of egg activation. Once an egg is cut in half in thefrozen during the transfer. Eggs were kept in the microcentrifuge
inhibitor/buffer solution (10 mM NaCl, 28 mM KCl, 66.5 mMtube suspended in liquid nitrogen during the egg collection proce-
potassium gluconate, 15 mM Hepes, 1 mM EGTA, 0.79 mMdure. When the desired number of eggs had been obtained they
CaCl2 ; pH 7.3, and 0.2 ml of a 10 mM PMSF protease inhibitorwere stored at 0207C until the egg samples were extracted.
diluted with DMSO to 0.1 mM), a hair loop is used to gentlyThe technique for freezing the eggs while excluding F1 medium
place the egg half onto a hinged hexmesh copper grid (Veco 200evolved during the course of these experiments, and the earliest eggs
mesh, 3.05 mm folding grids, cat. No. 26950, Ernest F. Fullam,collected by placing them in liquid nitrogen had a large mass of F1
Inc., Latham, NY). The grid acts like a waf¯e iron to trap themedium frozen with the egg that was removed by sublimation. These
cortex on the bottom half and squeeze the egg's cytoplasmeggs were initially placed in a dish containing liquid nitrogen where
through holes in the upper half of the grid. Excess cytoplasm onpieces of ice were removed with forceps and a razor blade that were
the top of the grid is brushed away with the hair loop, and thekept cold by repeated dipping in liquid nitrogen. The eggs were then
egg cortex is frozen in the grid with liquid nitrogen.placed in a Balzers BAF400T freeze±fracture machine to sublime the
Initially, formvar-coated grids were used to collect unfertilized,remaining frozen F1 medium. Eggs were maintained at a constant
half-wave, full-wave, and 1-min postwave stages of egg activation.temperature of 0107C and a constant pressure of 1005 mbar until all
However, formvar contained certain plastics that skewed the lipidof the surrounding ice had sublimed. The time required varied ac-
ratio during the extraction process. Eggs were also collected on acording to the amount of frozen F1 medium requiring removal; how-
nitrocellulose millipore ®lter, but material from the ®lter paperever, a typical group of 20 eggs needed approximately 4±6 hr of subli-
disintegrated into the lipid extraction. Using Te¯on tape-coatedmation to remove all of the ice.
grids also caused inaccurate results. Therefore, the grids were
cleaned in a xylene/acetone wash prior to using them, and no base
was used in the grid for the egg. Instead, Te¯on was placed underArti®cial Activation of Eggs
the grid so that egg plasma membrane would not escape from the
bottom of the grid and the Te¯on would not have to be frozenAn ionomycin mixture was prepared by adding 1 ml of a 10 mM
stock of ionomycin in ethanol to 500 ml of F1. The ionomycin along with the sample.
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1966; Clarke and Dawson, 1981). One advantage of this assay isExtraction of Ins(1,4,5)P3 from Egg Samples
that it will only detect phosphatidylinositol 4,5-bisphosphate and
Eggs were homogenized in groups of 20 on ice within the micro- other isomers of PIP2 will not contribute to the measurement. Al-
centrifuge tubes used for collection. Egg samples were homoge- kali metal hydroxide alcoholysis was used to deacylate PIP2 using
nized with a Te¯on pestle in 100 ml of 16% trichloroacetic acid. monomethylamine as the acyl acceptor. The monomethylamine
An additional 100 ml of TCA was used to rinse the Te¯on pestle reagent was prepared by passing monomethylamine gas into 40 ml
and added to the homogenate. The homogenate was centrifuged at of methanol/water/n-butanol (4:3:1) in a graduated cylinder at 07C
15,000g for 1 min at 47C in an Eppendorf 5415 centrifuge (Eppen- until the volume increased to 65 ml. The monomethylamine re-
dorf, Westbury, NY). The supernatant solution was collected and agent was stored at0207C. Monomethylamine reagent (150 ml) was
placed in a polyethylene vial with an ``O''-ring screw cap. A solu- added to the dry lipid samples obtained from extraction of egg
tion composed of three parts 1,1,2-trichloro-1,2,2-tri¯uoroethane samples and incubated at 537C for 60 min. The sample was then
and one part trioctylamine (Aldrich Chemical Co., Milwaukee, WI) evaporated to dryness in a vacuum centrifuge at room temperature.
was mixed well in a glass vial and 400 ml of this solution was added The glycerol moiety was removed with sodium periodate and di-
to the supernatant solution. The vial containing the supernatant methylhydrazine. A 50 mM solution of sodium periodate (100 ml)
solution was shaken vigorously and incubated at room temperature was then added to the dried sample and incubated in darkness for
for 5 to 7 min until a phase separation was visible. The aqueous 30 min at room temperature. To stop the reaction 20 ml of 10%
phase containing the Ins(1,4,5)P3 was collected with a pipet. It was ethylene glycol was added to the sample and incubated for 15 min.
critical for further analysis with the Ins(1,4,5)P3 Mass Assay kit A 1% aqueous solution of 1,1-dimethylhydrazine was brought to
(Dupont, Wilmington, DE) that none of the lipid phase be included pH 7 by addition of formic acid. Dimethylhydrazine (50 ml) was
during the collection of the aqueous phase. Egg samples were ex- added to the sample and then incubated at room temperature for
tracted and analyzed for their Ins(1,4,5)P3 content using the 3 hr. The pH of the sample was adjusted to pH 7 with the addition
Ins(1,4,5)P3 Mass Assay kit on the same day. of 1 M Tris±HCl. The sample was then evaporated to dryness in a
vacuum centrifuge at room temperature and resuspended in 80 ml
distilled water. The amount of Ins(1,4,5)P3 released from the PIP2
Extraction of PIP2 from Egg Samples present in the egg samples was determined using the competitive
binding assay described below. The amount of PIP2 present in the
The lipid portion of the egg samples was extracted using a chloro- original egg samples was considered equivalent to the amount of
form±methanol extraction procedure. Egg samples were homoge- Ins(1,4,5)P3 detected. As a negative control for each experiment
nized on ice with a Te¯on pestle in 300 ml of stock solution in the we included a sample of pure phosphatidylcholine that had been
Eppendorf tube used for egg collection. The stock solution was subjected to the deacylation procedure and a mock sample (which
made by combining 100 ml methanol, 100 ml chloroform, 1 ml had no egg present) which was extracted and subjected to the deac-
HCl, and 0.68 g tetrabutylammonium hydrogen sulfate. The ho- ylation procedure. As a positive control for each experiment we
mogenate was transferred to a glass vial with a glass pipet. The included samples of 5 and 10 pmole of pure PIP2 (Sigma Chemicals,
Eppendorf tube and pestle were rinsed with an additional 250 ml of St. Louis, MO) that was then subjected to the same deacylation
stock solution which was added to the homogenate in the glass procedure as the experimental fractions. The positive controls were
vial. Chloroform (275 ml) and 0.9% NaCl (250 ml) were added to usually slightly lower than expected, so that a 10-pmole standard
the egg homogenate and the vial was gently inverted two to three would read between 5 and 8 pmole in our assay. We detected no
times. The homogenate was centrifuged at 2000g for 15 min at 47C. signi®cant Ins(1,4,5)P3 in the negative controls.
The organic phase containing the egg lipid was collected with a
glass Pasteur pipet and placed in another glass vial of known
weight. The glass vials and Pasteur pipets used were acid washed Ins(1,4,5)P3 Mass Assay
prior to use with a mixture of HCl, nitric acid, and sulfuric acid
overnight and then rinsed well with water and dried at 1757C. The Ins(1,4,5)P3 was measured with an 3H-Inositol 1,4,5-Trisphos-
phate Radioreceptor kit (DuPont Co., Wilmington, DE) in whichaqueous phase of the homogenate was washed by the addition of
275 ml of theoretical bottom phase and centrifugation at 2000g ``cold'' Ins(1,4,5)P3 from the egg samples competed for binding sites
on a membrane-bound Ins(1,4,5)P3 binding protein preloaded withfor 15 min at 47C. The theoretical bottom phase was prepared by
combining 200 ml chloroform, 100 ml methanol, 1 ml HCl, and [3H]Ins(1,4,5)P3. Each of the following sample types was added in
100-ml aliquots to the tubes provided: egg samples from either the76 ml 0.9% NaCl in a separatory funnel, mixing, and after allowing
the phase separation to occur the bottom phase was collected. The Ins(1,4,5)P3 or PIP2 extraction procedures; nonradioactive Ins(1,4,5)
P3 standards of the following concentrations (in pmole): 12, 6, 2.4,organic phase produced from washing the aqueous phase was col-
lected and added to the original organic phase. The organic phase 0.6, 0.3, 0.15; glass distilled water; and 2% (w/v) IP6. The tracer
solution containing the [3H]Ins(1,4,5)P3 and membranes containingwas dried by directing a stream of nitrogen gas into the vial. The
mass of lipid extracted from the egg sample was determined by an Ins(1,4,5)P3 binding protein were diluted with the assay buffer
by a 1:15 ratio in a 40-ml Pyrex-brand centrifuge tube. In eachweighing the vial containing the dried lipid and subtracting the
original weight of the vial. This allows the amount of PIP2 detected sample tube 400 ml of the tracer solution was added. It was neces-
sary to vortex the tracer solution immediately before removing ato be expressed as the concentration of PIP2 per microgram of total
lipid. Normalization of the amount of PIP2 was performed because 400-ml aliquot to be placed in the sample tube because of the pres-
ence of membrane vesicles which settle to the bottom of the tube.there was unavoidable variation in the location of the plane of
section during the collection of egg hemispheres. After the addition of the tracer solution each sample tube was
covered with para®lm and incubated for 1 hr at 47C. The samplePIP2 was quanti®ed using a sensitive mass assay which measures
in picomoles the Ins(1,4,5)P3 that is released from PIP2 following tubes were centrifuged at 15,000g for 30 min at 47C in an Eppendorf
5415 centrifuge. The supernatant solution was poured from thedeacylation and removal of the glycerol moiety (Brown and Stewart,
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sample tubes and discarded. Any remaining ¯uid was removed from the standard samples with a known Ins(1,4,5)P3 content and the
amount of Ins(1,4,5)P3 in each egg sample was determined by inter-the sample tubes with a Kimwipe rolled tightly into a long wick.
Extreme care was taken to remove the excess ¯uid while avoiding polation from the standard curve.
disruption of the pellet because the ¯uid contained [3H]Ins(1,4,5)P3
not bound to the receptors in the membrane vesicles. The dried
pellet was resuspended in 50 ml of 0.15 M NaOH. The sample was Reagents and Statistics
vortexed for 3 to 4 sec, incubated at room temperature for 15 min,
All reagents were purchased from Sigma Chemical Co. unless other-and then vortexed again. The sample tubes were then placed into
wise stated. Statistical analysis was performed with the Sigma Plot20-ml polypropylene scintillation vials (Kimble Glass Co., Fisher
software program version 2.0 (Jandel Corp., San Rafael, CA). Experi-Scienti®c) and 5 ml of Ready Value liquid scintillation cocktail
ments were performed between July 1992 and September 1995.(Beckman, Fullerton, CA) was added to the scintillation vial. The
scintillation vial was shaken vigorously and tilted to ®ll the sample
tube inside the vial with scintillation ¯uid and to disperse the
sample. The scintillation vial was incubated at room temperature RESULTS
for 36 hr to allow air bubbles created by mixing of the scintillation
¯uid and sample to surface. Scintillation vials were counted a total Ins(1,4,5)P3 Changes during Maturation,of four times for 2 min in a Beckman LS 3801 scintillation counter Fertilization, and Ionophore Activationto determine the amount of Ins(1,4,5)P3 in the samples.
The amount of Ins(1,4,5)P3 in an egg sample was determined Using an Ins(1,4,5)P3 mass assay, we measured the total
by the displacement of tritiated Ins(1,4,5)P3 from the Ins(1,4,5)P3 Ins(1,4,5)P3 in the aqueous fraction of both immature oo-
receptor by the nonradioactive Ins(1,4,5)P3 from the egg samples. cytes and unfertilized Xenopus eggs, as well as at four stages
The counts per minute (cpm) from the blanking solution sample following fertilization and ionomycin-induced activation
represented the counts due to nonspeci®c binding and this amount
(Fig. 1). We detected a signi®cant decrease in the cyto-was subtracted from the cpm for each sample. Whenever possible
plasmic Ins(1,4,5)P3 levels of eggs following maturation.each sample type was prepared in duplicate and the cpm for the
The immature, stage VI oocytes contained 0.26 { 0.05 (nduplicate samples were averaged. The resulting cpm for egg samples
 5, SEM) pmole Ins(1,4,5)P3 per oocyte, whereas the matureand standards was divided by the cpm for the distilled water sample
and expressed as a percentage. A standard curve was generated from egg contained only half of that amount. The unfertilized
FIG. 1. Total Ins(1,4,5)P3 mass in the aqueous fraction of Xenopus oocytes and eggs. The egg stage was determined by the position of
the cortical contraction wave or the time elapsed since the completion of the contraction wave. Error bars indicate the SEM. Numbers
near the error bars indicate the number of samples analyzed for each stage. Each sample contained 20 oocytes or eggs. One asterisk denotes
signi®cance at a  0.05 and two asterisks denote signi®cance at a  0.001 using an independent t test comparing the unfertilized egg
stage to each of the other egg stages. ``Oocyte'' indicates the immature oocyte while ``unfert'' indicates the mature egg before fertilization,
``p-wave'' indicates postcontraction wave, and ``p-iono'' indicates postionomycin treatment. The concentration scale on the right was
calculated assuming that all of the measured Ins(1,4,5)P3 is distributed throughout a nonorganellar cytoplasmic volume of 450 nl.
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Xenopus egg contained 0.13 { 0.02 (n  9, SEM) pmole of
Ins(1,4,5)P3 or 0.29 mM assuming that all of the Ins(1,4,5)P3
is in the nonorganellar cytoplasmic volume of 450 nl. Fol-
lowing fertilization a 3.2-fold increase in Ins(1,4,5)P3 con-
tent was detected. The amount of Ins(1,4,5)P3 in the egg
increases steadily within the ®rst 4 min following fertiliza-
tion during the time that the calcium wave and the cortical
contraction wave travel across the egg. The calcium wave
precedes the cortical contraction wave by approximately 30
sec and it is this visible wave of cortical contraction that
we used to individually stage the eggs that we analyzed
for Ins(1,4,5)P3 and PIP2 content. Eggs collected when the
contraction wave had crossed half of the egg contained 0.34
{ 0.04 (n  5, SEM) pmole of Ins(1,4,5)P3. The maximum
amount of Ins(1,4,5)P3 (0.42 { 0.06 (n  8, SEM) pmole, 930
nM, was found in eggs at the full-wave stage of fertilization.
At 1 min postwave the amount of Ins(1,4,5)P3 in eggs had
decreased to 0.31 { 0.05 (n  5, SEM) pmole per egg and at
2 min postwave the Ins(1,4,5)P3 content was approaching
the original, unfertilized level (0.18 pmole per egg).
Ins(1,4,5)P3 Changes during Arti®cial Activation
Mature eggs were arti®cially activated by elevating the
cytoplasmic calcium by adding ionomycin to the dish con-
taining the eggs (®nal concentration of 1.8±2.2 mM). In re-
FIG. 2. PIP2 in the lipid fraction measured before and after fertil-sponse to ionomycin, the Ins(1,4,5)P3 content of the egg ization. (A) The amount of PIP2 per egg for each egg stage. (B) The
increased to 0.30 { 0.03 (n  9, SEM) pmole per egg 1 min amount of PIP2 per milligram of total lipid in each sample. B shows
after treatment, about twofold higher than the levels in the the amount of PIP2 normalized to the amount of lipid for those
unfertilized egg. Two minutes after activation with iono- samples in which the amount of total lipid was determined. Each
sample contained seven eggs. Error bars indicate the SEM. Numbersmycin, Ins(1,4,5)P3 levels had decreased slightly to 0.26 {
near the error bars indicate the numbers of samples analyzed for0.04 (n  9, SEM) pmole per egg. The Ins(1,4,5)P3 level in
each egg stage. Asterisks denote signi®cance at a  0.05 using anthe half-wave stage of sperm-induced egg activation, which
independent t test comparing the unfertilized egg stage to each ofoccurs approximately 2 to 3 min after sperm±egg contact,
the fertilized egg stages.is not signi®cantly different from that in the egg 2 min after
ionophore-induced activation (t test, P  0.19).
levels had decreased to 0.8 { 0.1 (n  5, SEM) pmole perPIP2 Changes during Fertilization
egg. The maximum amount of PIP2 was found in the 2-min
Since Ins(1,4,5)P3 is generated by the hydrolysis of the mem- postwave eggs which contained 1.8 { 0.5 (n  3, SEM) pmole
brane lipid, PIP2, we measured the amount of PIP2 in the per egg, which was twofold higher than the amount measured
unfertilized egg and in the fertilized egg during the early stages in the unfertilized eggs.
of egg activation (Fig. 2A, Table 1). The method we used was We normalized the PIP2 content in eggs to the amount of
speci®c to the 4,5-isomer of PIP2 because we ®rst deacylated total lipid by dividing the picomoles of PIP2 by the milli-
PIP2 and then measured the Ins(1,4,5)P3 produced. Both posi- grams of total lipid for those samples in which the total
tive (known amounts of PIP2) and negative (phosphatidyl cho- lipid was determined (Fig. 2B). The pattern of changes in
line) controls were included in every experiment (Table 1). PIP2 during early activation was the same whether the data
Unfertilized eggs contained 0.9 { 0.2 (n  16, SEM) pmole of were expressed as PIP2 per egg or per milligram of lipid. The
PIP2 per egg, and by the half-wave stage of fertilization there PIP2 content in the eggs at the full-wave and 2-min post-
was no signi®cant change in the PIP2 content, with 0.8 { 0.1 wave stages of development was signi®cantly higher than
(n 5, SEM) pmole of PIP2 per egg. However, by the full-wave that measured in the unfertilized eggs (P  0.05).
stage of fertilization PIP2 levels had increased to 1.5 { 0.2 (n
 7, SEM) pmole per egg and this was signi®cantly different
PIP2 Distribution in Xenopus Egg Hemispheresfrom the PIP2 levels in unfertilized eggs (a  0.05). This in-
crease is unexpected since Ins(1,4,5)P3 levels are also elevated We cut frozen eggs in half to measure the amount of PIP2
in the animal and vegetal hemispheres in order to determineat this stage of egg activation. At 1 min postwave the PIP2
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TABLE 1
Phosphatidylinositol 4,5-bisphosphate Measurements in Control Samples and Whole and Half Eggs
Controls
Sample 10 pmole PIP2 positive control 5 pmole PIP2 positive control 10 pmole PC negative control
PIP2 (pmole) 9.3 { 1.6 (8) 6.2 { 1.3 (8) 0.2 { 0.4 (8)
Whole and half frog eggs
Whole egg Animal half egg Vegetal half egg
(pmole PIP2/mg lipid) (pmol PIP2/mg lipid) (pmole PIP2/mg lipid)
Mean { SEM(N) Mean { SEM(n) Mean { SEM(N)
Unfertilized 4.6 { 0.5 (9) 1.4 { 0.2 (6) 1.4 { 0.3 (7)
Half wave 4.9 { 0.4 (3) Ð Ð
Full wave 9.6 { 2.9 (3) Ð Ð
1 min postwave 4.3 { 1.0 (4) Ð Ð
2 min postwave 10.4 { 3.1 (3) Ð Ð
if there was an asymmetric distribution of PIP2 that might in the egg's interior. However, it does not rule out the possi-
correlate with the restriction of sperm±egg fusion to the bility that PIP2 is found mainly in the plasma membrane
animal hemisphere. Due to the higher concentration of with a twofold higher concentration in the vegetal hemi-
membrane-bound yolk granules in the vegetal hemisphere, sphere than found in the animal hemisphere. To address
there is much more lipid in that half of the egg, and one this we attempted to physically separate the plasma mem-
would expect more PIP2 to be found in the vegetal half if brane in half eggs from the interior membranes using the
PIP2 were present in equal amounts in all cellular mem- hinged EM grid technique developed by Caroline Larabell
branes. Moreover, the plane of separation of the two hemi- (Larabell, 1993).
spheres will vary slightly from egg to egg, so we reasoned We cut eggs in half in an intracellular buffer solution
that these data would be more meaningful when normalized which included protease inhibitors and isolated the half-egg
to the total lipid content of each fraction. Thus, the PIP2 cortices as described in detail under Materials and Methods.
measured in each half was divided by the total lipid content After pooling 20 cortices, we compared the normalized lipid
for that half. We did not detect an asymmetry in the normal- concentration in unfertilized animal half cortices (10.3
ized PIP2 level in the animal and vegetal regions of the egg pmole/mg; 0.3 pmole/cortex) with that in unfertilized vege-
(Fig. 3A). Both the animal and vegetal halves contained 1.4 tal cortices (9.8 pmole/mg; 0.5 pmole/cortex) and concluded
pmole of PIP2 per milligram of lipid (SEM  0.2 for animal that there was no signi®cant difference in the amount of
half and 0.3 for vegetal half). The vertical half was obtained PIP2/mg lipid. However, the concentration of PIP2 in thisby cutting the egg along the animal±vegetal axis so that it
fraction appears to be enriched two- to threefold over the
had an approximately equal composition of both animal and
half-egg or whole-egg concentration. This enrichmentvegetal regions. The vertical half contained 1.9 pmole of
might be due to the stimulation of PIP2 synthesis byPIP2 per milligram of lipid. There was no signi®cant differ- wounding the egg. When one considers that the membraneence in the normalized amount of PIP2 in the three egg half
surrounding the 106 yolk platelets in the egg has 100 timestypes using an independent t test on all possible pairwise
the surface area of the plasma membrane (taken from mea-combinations (a  0.05). However, when the data were not
surements of yolk platelets by Michael Danilchik, personalnormalized to the total lipid in each half, there was a sig-
communication), the only way that a difference in the con-ni®cant difference, with the animal hemisphere containing
centration of PIP2 in the animal and vegetal regions of the0.08 { 0.02 (n  6, SEM) pmole and the vegetal hemisphere
plasma membrane could explain the overall asymmetry iscontaining 0.16 { 0.04 (n  7, SEM) pmole (Fig. 3B). Using
if there were 100 times more PIP2 in the vegetal plasmaan independent t test the mean amount of PIP2 in the animal
membrane than in the animal plasma membrane and weand vegetal hemispheres was signi®cantly different (P 
simply do not measure such a large difference. The vegetal0.075) when the level of signi®cance was lowered to a 
hemisphere plasma membrane contains the same amount0.1 due to variation between samples which was reduced
of PIP2/mg lipid as the animal hemisphere plasma mem-when the amount of lipid in each sample was taken into
brane, so we conclude that the twofold difference in totalaccount. Thus, the vegetal hemisphere contained twice the
PIP2 in the egg halves is best explained by PIP2 being con-amount of total PIP2 as the animal hemisphere but it also
tained in membranes located within cytoplasmic organellescontained twice the amount of lipid. This suggests that PIP2
is found uniformly distributed throughout the membranes such as the membrane surrounding the yolk platelets.
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increase in PIP2 during this time, suggesting an enhanced
rate of synthesis. We also found a signi®cant difference in
Ins(1,4,5)P3 content between the immature oocyte which is
not fertilization competent and the mature egg which is
fertilizable. The mature egg contained only half the amount
of Ins(1,4,5)P3 that was detected in the immature oocyte.
The half-life of Ins(1,4,5)P3 reported in different cell types
and cell extracts varies widely from 0.1 sec in the taste
organ of the cat®sh (Huque et al., 1992) to 4 sec in rat liver
homogenates (Storey et al., 1984), 9 sec in neuroblastoma
cells stimulated with carbachol (Wang et al., 1995), and 1±
2 min (Nancy Allbritton, personal communication) and 10
min (Shapira et al., 1992) in Xenopus oocytes. An Ins(1,4,5)
P3 half-life on the order of seconds or 1±2 min is consistent
with the time course of Ins(1,4,5)P3 changes we observed
during fertilization; however, a half-life of 10 min is incon-
sistent with a decrease in Ins(1,4,5)P3 at full wave only 4
min after the rise following fertilization. If the half-life of
Ins(1,4,5)P3 in mature eggs is in the seconds range, then the
maintenance of high Ins(1,4,5)P3 levels in the activated egg
would require continuous production of Ins(1,4,5)P3 by con-
tinual PIP2 hydrolysis. If this half-life is a few minutes, then
less PIP2 hydrolysis would be required to maintain high
levels of Ins(1,4,5)P3. Since we detect a net increase in
Ins(1,4,5)P3 and PIP2 during early egg activation, we con-
clude that the rate of PIP2 synthesis is greater than the rate
of hydrolysis.
Our measurements of Ins(1,4,5)P3 levels differ somewhatFIG. 3. PIP2 in the total lipid fraction of unfertilized egg animal
from those previously reported by Stith et al. (1993). Theyand vegetal hemispheres. (A) The amount of PIP2 in each sample
reported unfertilized egg Ins(1,4,5)P3 levels to be 0.05 pmole,was normalized to the total lipid in each sample. (B) Total PIP2
which then increased to 0.26 pmole following inseminationcontent in each of the two half-egg fractions. Each sample con-
tained 20 half eggs. Using an independent t test (P  0.05), there with time points at 45 sec and 5 min. We ®nd 0.42 pmole
was not a signi®cant difference in the amount of PIP2 in the three to be the maximum amount of Ins(1,4,5)P3 present, 60%
egg hemisphere types; however, when the level of signi®cance was higher than the peak level reported by Stith et al. This
lowered to a  0.1 there was a signi®cant difference between the difference is probably due to our improved technique of
animal and vegetal hemispheres in B. pooling eggs frozen at precisely the same stage of activation.
Stith et al. collected eggs inseminated at the same time
but not necessarily at the same stage of activation because
fertilization occurs over a range of times following insemi-
DISCUSSION nation. Analysis of eggs at different stages of activation
would lead to an averaging of the Ins(1,4,5)P3 levels at these
stages and could generate a lower estimate of the maximumPrevious work from our lab has pointed to a critical role
for inositol lipid hydrolysis in frog egg activation. The ionto- Ins(1,4,5)P3 content. Although our peak Ins(1,4,5)P3 values
are higher than those reported by Stith et al., the absolutephoresis of Ins(1,4,5)P3 activates eggs (Busa et al., 1985) and
the inhibition of its endogenous production with antibodies change reported here is smaller than that found previously.
We report a threefold increase in Ins(1,4,5)P3, whereas theyto PIP2 or blocking its binding to Ins(1,4,5)P3 receptors by
heparin, greatly reduces Ca2/ release and egg activation report a ®vefold increase due to the lower initial level of
Ins(1,4,5)P3 that they detected in the unfertilized egg (0.05(Han et al., 1992; Larabell and Nuccitelli, 1992; Nuccitelli
et al., 1993). Here we have measured a steady increase in pmole).
It is interesting to compare the basal Ins(1,4,5)P3 concen-Ins(1,4,5)P3 levels during the ®rst 4 min of egg activation as
the waves of increased free calcium and cortical contraction tration predicted from our measurements (0.29 mM assum-
ing a nonorganellar cytoplasmic volume of 450 nl) with thatpass over the fertilized Xenopus egg. This suggests that PIP2
is hydrolyzed continuously during this period and may be required to activate eggs. Previous work from our lab found
that the iontophoresis of a minimum average charge of 0.8involved in wave propagation as well as initiation. While
the hydrolysis of PIP2 would be expected to result in a de- nC or 0.7 fmole of Ins(1,4,5)P3 was required to activate eggs
using a 0.1- to 1-sec-long current pulse. Since Ins(1,4,5)P3crease in total PIP2 levels, we actually measure a twofold
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will diffuse about 60 mm during a second (assuming D  we postulate that the rates of synthesis and hydrolysis are
similar. Eggs at full wave contain signi®cantly more PIP2 pre-0.6 1 1005 cm2/sec), the effective volume it then occupies
is about 900 pl. The overall concentration in this volume sumably because the rate of hydrolysis has decreased in con-
junction with the end of the cortical contraction and calciumwould be about 0.8 mM or roughly three times the basal
level. It is perhaps only a coincidence that we ®nd the peak wave. One minute after the completion of the cortical contrac-
tion wave, PIP2 levels returned to the basal, unfertilized level.levels of Ins(1,4,5)P3 following fertilization to be nearly
identical to this activating concentration. Since Ins(1,4,5)P3 levels are also declining during this time
period, PIP2 is probably being converted into another phospho-Arti®cial activation results in a signi®cant increase in
Ins(1,4,5)P3 by 1 min after ionophore application when com- inositide such as PIP3 (Majerus, 1992; Stephens et al., 1993).
Two minutes postwave, the egg contains the highest amountpared to the unfertilized egg. Ins(1,4,5)P3 rises to approxi-
mately the level found in the half-wave eggs within 1 min, of PIP2 and this is when both Ins(1,4,5)P3 and calcium levels
are declining. This large increase in the amount of PIP2 in thebut begins to decline more rapidly in arti®cially activated
eggs than in fertilized eggs. The average change in total fertilized egg after the calcium wave may be in preparation for
the rapid cleavage cycles that will ensue. Changes in calciumIns(1,4,5)P3 is smaller and more swift in the arti®cially acti-
vated eggs than in fertilized eggs. Our values for Ins(1,4,5)P3 (Grandin and Charbonneau, 1991; Kubota et al., 1993),
Ins(1,4,5)P3, and PIP2 (Han, 1995) have been measured in thechanges in the arti®cially activated egg are similar to those
reported by Stith et al. We observed a 100% increase in cleaving Xenopus embryo. The cell cycle in Xenopus has been
blocked or greatly lengthened by diminishing calcium gradi-Ins(1,4,5)P3 1 min after ionophore treatment and only a
slight decrease after 2 min. Stith et al. report an 80% in- ents with calcium buffers (Snow and Nuccitelli, 1993) or treat-
ment with antibodies that reduce PIP2 hydrolysis (Han et al.,crease in Ins(1,4,5)P3 by 45 sec after ionophore treatment
and a more dramatic drop in Ins(1,4,5)P3 values to only 17% 1992).
We examined half eggs derived from the animal and vege-higher than basal levels after 2 min. One might argue that
ionophore will increase cortical calcium concentrations all tal hemispheres to determine if there was an asymmetry in
PIP2 distribution that was correlated with activatability. Weover the egg at the same time, so that a more rapid increase
in Ins(1,4,5)P3 concentration is not unexpected. However, hypothesized that the animal hemisphere may be endowed
with a greater store of PIP2 with which to initiate the cal-Stith's lab has shown that the increase in Ins(1,4,5)P3 levels
occurs in eggs injected with the Ca2/ chelator, BAPTA, in cium wave because in the frog egg the site of sperm entry
is restricted to the animal hemisphere (Elinson, 1975) andwhich [Ca2/]i should not increase at fertilization (Stith et
al., 1994), so there is no apparent [Ca2/]i increase required the egg is more readily activated by pricking or by calcium
injection in the animal hemisphere than in the vegetalfor the sperm-induced increase in Ins(1,4,5)P3. Moreover,
sperm-induced Ins(1,4,5)P3 production exceeds ionophore- hemisphere. However, our results show that there is not a
signi®cant difference in the amount of PIP2 normalized toinduced production, so it appears that the sperm is doing
more than simply providing an initial burst of calcium to lipid, even though the total PIP2 in the vegetal hemisphere
is actually greater than that found in the animal hemi-begin the activation process within the egg.
We have measured PIP2 levels in the unfertilized and fer- sphere. The vegetal hemisphere has more lipid than the
animal hemisphere due to the higher concentration of yolktilized egg during early sperm-induced egg activation using
a technique that measures only the phosphoinositide, phos- platelets there. Since animal and vegetal hemisphere corti-
ces exhibit the same relative concentration of PIP2 afterphatidyl inositol 4,5-bisphosphate, which is the endogenous
source of Ins(1,4,5)P3. During egg activation we observe an most of the yolk has been removed, the enhanced amount
of PIP2 in the vegetal hemisphere cannot be explained byincrease in both Ins(1,4,5)P3 and PIP2 which may seem unex-
pected because Ins(1,4,5)P3 is produced from the hydrolysis having much more in the vegetal plasma membrane. We
believe that PIP2 must also be present on the interior mem-of PIP2. However, PIP2 was also found to increase after fertil-
ization in the sea urchin egg (Turner et al., 1984; Ciapa branes of the egg. If Ins(1,4,5)P3 is available deep in the egg
and not just near the plasma membrane, then the propaga-and Whitaker, 1986) and it is believed that synthesis and
hydrolysis of PIP2 are occurring simultaneously. Chong et tion of the calcium wave through the center of the egg could
be accomplished by IICR. Ins(1,4,5)P3 levels remain elevatedal. (1994) demonstrated that inhibition of PIP2 synthesis
reduced agonist-induced calcium mobilization in mamma- during the entire calcium wave, not just at the initiation of
the wave, providing further support for the role of inositol-lian cells, indicating that PIP2 synthesis may be a necessary
component of IICR. A decrease in the fertilization rate of induced calcium release during the propagation of the cal-
cium wave. The steady increase in Ins(1,4,5)P3 observed dur-the toad, Bufo arenarum, was correlated with the depletion
of PIP2 stores in the egg by exposure to an insecticide (Fo- ing wave propagation suggests that calcium wave propaga-
tion involves continued hydrolysis of PIP2. Indeed,novich de Schroeder and PecheÂn de D'Angelo, 1995), empha-
sizing the importance of the availability of PIP2 for hydroly- Ins(1,4,5)P3 levels do not begin to fall until calcium wave
propagation is completed. Furthermore, PIP2 levels rise dur-sis during fertilization.
We found the total PIP2 to remain constant between the ing the rise in Ins(1,4,5)P3 levels and calcium wave propaga-
tion, and PIP2 levels decline at the completion of the cal-unfertilized egg and the egg at half wave, so during this period
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the fertilization rate in Bufo arenarum oocytes. Comp. Biochem.cium wave. The time course and magnitude of changes in
Physiol. 112C, 61±67.these three messengers, PIP2, Ins(1,4,5)P3, and Ca2/, all lend
Grandin, N., and Charbonneau, M. (1991). Intracellular free cal-support to the concept of a calcium wave that is propagated
cium oscillates during cell division of Xenopus embryos. J. Cellby IICR.
Biol. 112, 711±718.We show that the total cytoplasmic Ins(1,4,5)P3 concen- Han, J.-K., Fukami, K., and Nuccitelli, R. (1992). Reducing inositol
tration increases during the calcium wave and declines after lipid hydrolysis, Ins(1,4,5)P3 receptor availability, or Ca2/ gradi-
the calcium wave reaches the antipode as would be pre- ents lengthens the duration of the cell cycle in Xenopus laevis
dicted if the calcium wave were generated entirely or in blastomeres. J. Cell Biol. 116, 147±156.
part by IICR. PIP2, the only endogenous source of Han, J.-K. (1995). Oscillation of inositol polyphosphates in the em-
Ins(1,4,5)P3, also increases during the course of early egg bryonic cleavage cycle of the Xenopus laevis. Biochem. Biophys.
Res. Commun. 206, 775±780.activation, which has come to be expected during
Hara, K., Tydeman, P., and Hengst, R. T. M. (1977). Cinemato-Ins(1,4,5)P3-induced calcium release and may even be re-
graphic observation of post-fertilization waves on the zygote ofquired. This work provides additional evidence that
Xenopus laevis. Wilhelm Roux's Arch. Dev. Biol. 181, 189±192.Ins(1,4,5)P3 is important in the generation of the critical
Hara, K., and Tydeman, P. (1979). Cinematographic observation ofcalcium wave that releases the egg from cell cycle arrest
an ``activation wave'' (AW) on the locally inseminated egg ofand stimulates protein synthesis rate increases necessary
Xenopus laevis. Wilhelm Roux's Arch. Dev. Biol. 186, 91±94.
for development (Winkler et al., 1982) after physiological Huque, T., Brand, J. G., and Rabinowitz, J. R. (1992). Metabolism
activation following fertilization by sperm. of inositol-1,4,5-trisphosphate in the taste organ of the channel
cat®sh, Ictalurus punctatus. Comp. Biochem. Physiol. B 102,
833±839.
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